Introduction
Because of their unique properties of carbon nanotubes such as good electrical and thermal conductivity [1] [2] [3] , high mechanical strength 4, 5 , and low threshold voltage for field emission [6] [7] [8] , they became the focus of much attention in different fields of science and technology. For some applications such as electron field emission cathodes, only nanotubes on the surface contribute to the observed properties. Therefore many research groups are attracted to develop new techniques for engineering of carbon nanotubes on the surface. Most of these researches are focused on formation of a film or thin layer of nanotubes on the surface [9] [10] [11] [12] . However, a few groups have tried to find methods for fixing nanotubes on the surface by welding them to the surface using microwave irradiation 13, 14 17 have suggested that this microwave heating process could be used to make polymer composites from stacks of alternating layers of polymer sheets and nanotube layers. In the next step Wang et al has reported the use of microwave irradiation for welding of carbon nanotubes to polymeric surfaces as a method for bonding of two polymer sheets 18 or making flexible electron emitters 7 . However, bonding of nanotubes to thermoplastic polymeric surfaces can easily be performed by dispersing carbon nanotubes in an appropriate solvent and using doctor blading or dip coating to apply it to polymeric surfaces. As shown in Figure  1 , a dispersion of carbon nanotubes in acetone and doctor blading it on a polycarbonate film can be used for bonding nanotubes to a thermoplastic surface. Considering that carbon nanotubes are excellent microwave absorbers, microwave irradiation has been previously used for oxidation and modification of CNTs. However long exposure of nanotubes to microwave irradiation can lead to damaging their structure 16, 19 . In fact microwave irradiation of nanotubes in air results in fast oxidation, ignition and burning of nanotubes in a few seconds. Consequently using microwave for welding nanotubes to polymeric surfaces may result in combustion of the polymer substrate as well.
Fig 1.
Welding of carbon nanotubes to a polycarbonate surface using a dispersion of nanotubes in acetone.
In our previous works we have shown that an unmodified kitchen microwave oven can be used for formation of plasma inside a quartz tube under vacuum. In this method, the absence of oxygen avoids sever oxidation and combustion of samples. In addition plasma is a good microwave absorber and can protect carbon nanotubes to some extent 20 . We have used this method for modification of nanotubes 20, 21 , preparation of graphene sheets 22 , carbon nanofibers 23, 24 and carbon nanospheres 23, 24 . In this study we will report a how this microwave-plasma method can be utilized for welding of carbon nanotubes to different surfaces, such as polystyrene as a thermoplastic polymer, lime-soda glass and borosilicate glass.
Experimental
Forests of vertically-aligned MWCNTs were produced via chemical vapor deposition in quartz CVD reactor tube on a catalytic bed of iron with a flow through of helium and acetylene at CSIRO and supplied for this work. The MWCNTs have an average diameter of 50nm and average length of up to 500μm. CNTs were dispersed in ethanol by mild sonication in a ultrasonic bath. The desired substrate was coated with the dispersion and dried in the oven at 70 ºC this process repeated for several time till a film with a thickness of about 0.3 mm was formed on the surface. In the next step sample was placed in a quartz vacuum tube. A rotary pump was used to reduce the pressure of the tube to 50-100 mbar. The tube was then placed in an unmodified kitchen microwave oven (NEC N920E Kitchen) and microwave irradiation with different durations of time ( 3 s for polystyrene, 60 s for limesoda glass and 120 s for borosilicate glass) was applied to the samples. The plasma in this process is readily observed as a result of its emission of a bright, colorful light. Long exposure times may result in temperatures as high as 1000°C 22 and melt the substrate. After cooling down the samples to room temperature ultrasonic cleaning in ethanol was used for 20 min to remove the loosely or non-bonded nanotubes, finally after drying of samples were further cleaned by rubbing with a paper tissue (as a mechanical abrasive method).
Result and discussion
In order to avoid damaging the substrates due to the high temperatures of the microwave-plasma process, the process time was estimated using the glass transition temperature of the substrates and the temperature of the process. In order to measure the temperature of the process a blank run without any sample was performed and the temperature of the tube was measured using a Raytek Thermalert 30 infrared temperature sensor. Figure 2 demonstrates the measured temperature of the process as a function of time. Considering the typical glass transition temperature of substrates used in this process (polystyrene ~100ºC, soda-lime glass ~570ºC, borosilicate glass ~820ºC) a process time of 3, 60 and 120 seconds has been used for these substrates, respectively. SEM images (Figure 3 ) of the surface shows that CNTs are well welded to the surface through a "melt-and-glue" mechanism that remains attached to the surface after such vigorous attempts for removing them. As expected, because of lower melting point of polystyrene, welding of carbon nanotubes on polystyrene surface can be achieved with better efficiency, but higher softening point (and higher viscosity after softening point) prevents nanotubes from forming a continuous layer on glass surfaces. Raman spectroscopy was employed to evaluate the extent of damage to graphitic structure of nanotubes in this process. Considering the Raman background of polystyrene and soda lime glass, this experiment was only conducted on borosilicate samples. In addition the borosilicate sample had the longest exposure time to microwave plasma, thus can provide information about the maximum possible damage to nanotubes. There are two independent peaks between 1000 cm -1 and 2000 cm -1 in the Raman spectrum of carbon nanotubes. The band at about 1580 cm -1 , labelled as the G-band, that corresponds to an E 2g mode of graphite and is related to the vibration of sp 2 -bonded carbon atoms in a two dimensional hexagonal lattice such as in a graphite layer, while the band at 1310 cm -1 , called the D band represents the dispersive, defect-induced band 25 . Due to this quantitative relationship between the intensity of these peaks and the amount of defects or amorphous carbon, monitoring the change in the peak intensity ratio of G and D peaks (I G /I D ) is an accepted method to examine formation of defects in the nanotube structure [26] [27] [28] [29] [30] . Increasing the amount of defects or amorphous carbon should cause I G /I D to decrease. I G /I D ratio for the pristine carbon nanotube samples was found to be 0.71. Exposing nanotubes to 120 seconds of microwave-plasma environment resulted in decreasing this value to 0.64. This indicates that some defects are being introduced to the graphitic structure of the nanotubes in this process. where  l is the wavelength of excitation laser (in nanometers) used in Raman experiments. Using the L a value, instead of the more common I G /I D ratio, and by taking the effect of the laser excitation energy into account, the comparison of the data from different papers and reports (where different lasers are used) becomes possible. It should be noted that this equation is derived from perfect, graphitic samples, and that the intensity of the D band in the samples described here arises not just from the edges, but also from point defects, functional groups, Stone-Wales and other defects. Calculated La values for samples based on I G /I D ratio and the wavelength of the excitation laser (782 nm) show that the value of La for the pristine nanotubes was 63.7nm, while after welding process his value has decreased to 57.4nm. This decrease in I G /I D (and consequently L a ) must be due to the introduction of new structural defect sites, or minor damages such as the cutting or unzipping of nanotubes 21, 32 . Introducing some defects to carbon nanotubes is beneficial for some applications such as field emission cathodes 21 . However, comparing this change to the changes caused by other common chemical treatment methods such as acid treatment or thermal treatment 20 , shows that in fact this method has not had a significant effect of the structure of carbon nanotubes.
Conclusion
The work here has demonstrated that microwave welding of carbon nanotubes onto plastics and glasses can D be achieved using a simple microwaveplasma method. Due to the lower softening point and viscosity of polystyrene (compared to glass samples), welding of carbon nanotubes on polystyrene surface can potentially be achieved with higher efficiency, whilst the high softening point (and melt viscosity) of lime-soda and borosilicate glasses prevents the nanotubes from forming a continuous layer. Raman results confirm that some defects are introduced to the CNT graphitic structure. However, these defects are not significant and can actually be useful for some application.
